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A THERMODYNAMIC STUDY OF THE TURBINE-PROPELLER ENGINE ^ 

By Benjamin Pinkbl and Ibvinq M. Kabp 


SUMMARY 

Equations and charts are presented Jor computing the 
thrust, the power output, the fuel consumption, and other 
performance parameters of a turbine-propeller engine for any 
given set of operating conditions and component efficiencies. 
Included are the effiects of the pressure losses in the inlet duct 
and the combustion chamber, the variation of the physical 
properties of the gas as it passes through the system, and the 
clumge in mass flow of the gas by the addition of fuel. 

In order to illustrate some of the turbine-propeUer-sysiem 
performanee characteristics, the total thrust horsepower per 
unit mass rate of air flow and the specific fuel consumption 
are presented for a wide range of flight and engine-design 
operating conditions and a given set of design component 
efficiencies. 

The performance of a turbine-propeller engine containing a 
matched set of components is presented for a range of engine 
operating conditions. The influence of the characteristics 
of the individual components on offi-design-point performance 
is shown. 

The flexibility of operation of two turbine-propeUer engines 
is discussed; one engine has a divided turbine system in which 
the first turbine drives only the compressor and the second 
turbine independently drives the propeller, and the other engine 
has a connected turbine system which drives both the compressor 
and the propeller. 

INTRODUCTION 

Various tliennodynamic analyses have been prepared for 
the purpose of studying the many aspects of the performance 
of tm’bme-propeller engines. The charts presented in 
reference 1, for example, permit step-by-step calculation 
of the turbine-propellei’ cycle; also presented therein are 
some performance characteristics of the basic turbine- 
pi’opeUer system and systems incorporating intercooling, 
reheat, and regeneration at design-point conditions. Refer- 
ence 2 presents a general comparison of part-load performance 
characteristics of a large variety of both simple and complex 
turbine-propeUer-engine configimations. It also discusses 
briefly the way in which component characteristics afltect 
the eflflciency of each engine and limi t the part-load operation 
of each engine. 

In the present report, charts (developed from an extension 
of the analysis given in ref. 3) are presented which permit 
determination of the performance parameters of the engine 
directly from component efficiencies and operating conditions. 


These charts eliminate much of the step-by-step cycle 
calculation and apply particularly when the engine over-all 
performance rather than the details of the cycle is of major 
interest. In order to illustrate some of the turbine-propeUer- 
engine design-point performance characteristics, the thrust 
horsepower per unit mass rate of air flow and specific fuel 
consumption are presented for ■ a wide range of design 
combustion-chamber-outlet temperatures and compressor 
pressure ratios. These results are presented for constant com- 
ponent efficiencies and a range of flight speeds and altitude 
conditions. 

The report also presents a detailed discussion of the 
off-design-point performance of two turbine-propeUer-engine 
configurations each having a given set of components. Thie 
performance of a given turbine-propeUer engine is a complex 
function 6f the individual characteristics of the compressor, 
the turbine, and the propeUer. The limitations in operating 
range and performance imposed by these component charac- 
teristics, the interrelation between components, some of the 
problems involved in matching the components, and the 
method for evaluatmg and presenting engine performance 
are discussed for the two engine configurations. One 
engine has a divided turbine system consisting of two inde- 
pendent turbines; the first tmrbine drives the compressor 
and the second turbine drives the propeUer through reduc- 
tion gears. The other engine has the two turbines connected 
to provide a single rotating system. The flexibUily in 
operation provided by a variable-area exhaust nozzle is also 
discussed for both configurations. This analysis was made 
at the NAOA Lewis laboratory. 

SYMBOLS 

The significance of the symbols appearing in the charts 
and in the subsequent discussion is as foUows: 

An effective exhaust-nozzle area, sq ft (For isen- 

tropic expansion in exhaust nozzle, flow 
through area A„ is equal to actual mass flow 
through nozzle.) 

a correction factor that accounts for total-pi’essure 

drop in inlet diffuser 

b correction factor that accounts for total-pressme 

drop in combustion chamber 

c correction factor that accounts for difference in 

physical properties of hot exhaust gases and 
cold air, involved in computation of work 
from expansion process 


' Supersedes NAOA TN 2653, “.5. Thermodynamic Study of the Turbine-Propeller Engine," by Benjamin Plntel and Irving M. Karp, 1952. 
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propeller power coefficient, equal to 
550 hpplpoNlD% 

velocity coefficient of exhaust nozzle 
specific - heat of air at constant pressure at 
^0=519° R, 7.73 CBtu/slug)/°F 
average specific heat at constant pressure of 
exhaust gases during expansion process, (Btu/ 
slug) /°F (This term, when used with temper- 
atme change accompanying expansion, gives 
change in enthalpy per unit mass.) 
propeller diameter, ft 
total thrust, lb 

net thrust produced by exhaust jet, Ih 
thrust produced by propeller, lb 
fuel-air ratio 

lower heating value of fuel, Btu/lb 
compressor-shaft horsepower input 
propeUer-shaft "horsepower input equal to excess 
of turbine horsepower output over compressor 
horsepower input 

total turbine-shaft horsepower output 
turbine-shaft horsepower output of first turbine 
mechanical equivalent of heat, 778 ft-lb/Btu 
compressor shp factor, 550 hpcJMaUe 
mass rate of air flow, slug/sec 
mass rate of gas flow through turbine, slug/sec 
propeller rotational speed, rps 
total pressure at compressor inlet, Ib/sq ft abs 
total pressure at compressor outlet, Ib/sq ft abs 
total pressure at inlet to first turbine, Ih/sq ft abs 
total pressmre at outlet of first tucbine, Ib/sq ft 
abs 

total pressure at outlet of second turbine, Ib/sq 
ft abs 

ambient-static-air pressure, Ib/sq ft abs 
static pressme at outlet of first tvtrbine, Ib/sq ft 
abs 

static pressure at outlet of second turbine, Ib/sq 
ft abs 

drop in total pressure through inlet duct, Ib/sq ft 
drop in total pressure through combustion cham- 
ber, Ib/sq ft 


factor eqiial to 


Ta 

(Ta-1) 


ratio of drop in total pressure in combustion 
chamber to total pressmre at compressor out- 
let, AFj/Fj 

compressor-inlet total temperatmre, °R 
compressor-outlet total' temperature, °R 
combustion-chamber-outlet total temperature, 
°R 

total temperature at outlet of first turbine, °R 
ambient-air temperature, °R 
total thrust horsepower produced by engine 
net thrust horsepower produced by exhaust jet 
thnist horsepower produced by propeller 
compressor tip speed, ft/sec 


Vj^cpt 

Vt.r 


Fo 

Fs 

F« 

Wr 

X 

Y 

F, 

Z 


7o 

T* 

5 


e 
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Vb 


Vc 


Vc.p 


Vp 


turbine blade speed (measiued at turbine pitch 
line) of first tmbine, ft/sec 
turbine blade speed of second turbine, ft/sec 
jet Telocity, ft/sec 

jet velocity giving optimum distribution of avail- 
able power to propeller and exhaust-nozzle 
jet, ft/sec 

theoretical turbine-nozzle jet velocity of first 
turbine corresponding to isen tropic expansion 
of gas from turbine-inlet total pressme and 
temperature to turbine-outlet static pressure, 
ft/sec 

theoretical turbine-nozzle jet velocity of second 
turbine, ft/sec 
airplane velocity, ft/sec 

axial component of gas velocity at first turbine 
outlet, ft/sec 

axial component of gas velocity at second tur- 
■ bine outlet, ft/sec 
weight flow of fuel, Ib/hr 

ratio of compressor pressme ratio, P 3 /P 1 to 

{P2/P1U 

factor equal to ratio of ram temperatme rise to 
ambient-air temperature, F 2 / 2 Jcp,a<o 
factor equal to Vfl2Jcp^ato 
factor equal to 560 hpdMpJcp^pto 
factor equal to propeller thnist produced 
divided by excess of turbine horsepower out- 
put over compressor horsepower input, Ib/hp 
ratio of specific heats of air, 1.4 
average value of ratio of specific heats of exhaust 
gas during expansion 

ratio of total pressure at any point being con- 
sidered to standard sea-level pressure of 2116 
Ib/sq ft, that is, 5i=Pi/2116, 5i=Pd211Q, and 
so forth 

correction factor that accounts for over-all 
effects produced by secondary variables, 
«= 1 — a— 6 -fc 

combustion efficiency equal to ideal fuel-air ratio 
required to obtain temperature rise in com- 
bustion chamber from Pj to Pi divided by 
actual fuel-air ratio 

compressor adiabatic efficiency equal to ideal 
power required in adiabatically compressing 
air from compressor-inlet total temperature 
and pressure to compressor-outlet total pres- 
sure divided by compressor-shaft power 
compressor polytropic efficiency equal to loga- 
rithm of actual pressme ratio divided by 
logarithm of isentropic pressure ratio that 
corresponds to actual temperature ratio 
propeller efficiency equal to thrust horsepower 
developed by propeller divided by excess of 
total turbine power over compressor power. 
This definition includes bearing, gear, and 
accessory power losses as well as propeller 
losses. 
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T)i over-all turbine total efl&ciency of turbine sys- 

tem equal to entire turbine-shaft power 
divided by ideal power of gas jet expanding 
adiabaticaUy from inlet total pressure and 
temperature of first turbine to outlet static 
pressure of second turbine less kinetic power 
corresponding to average axial velocity of gas 
at second turbine outlet 
turbine total efl&ciency of flhst turbine 
» 7,_3 turbine total efl&ciency of second turbine 

t]'t over-aU turbine-shaft eflBciency of turbine sys- 
tem equal to entire turbine-shaft power 
divided by ideal power of gas jet expanding 
adiabaticaUy from inlet total pressure and 
temperature of first turbine to turbine-outlet 
static pressure of second turbine 
turbine-shaft efl&ciency of first turbine 
turbine-shaft efl&ciency of second turbine 
6 ratio of total temperature at any point being 

considered to standard sea-level temperature 
of 519° R, that is, fli=Ti/619, fl4=2’V519. 
and so forth 

Po density of ambient air, slug/cu ft 


ANALYSIS 

A schematic diagram of the turbine-propeUer engine con- 
sidered is shown in figiue 1 . Air enters the inlet duct and 
passes to the compressor inlet. Part of the dynamic pres- 
sure of the free-air stream is converted into static pressure 
at the compressor inlet by the diffusing action of the inlet 
duct. The air is further compressed in passing through the 
compressor and enters the combustion chamber where fuel 
is injected and burned. The products of combustion then 
pass through the turbine nozzles and blades, where an 
appreciable drop in pressure occurs, and finally are dis- 
charged rearwardly through the exhaust nozzle to provide 
jet thrust. The turbine shown in figme 1 may consist of a 
single turbine driving both the compressor and the propel- 
ler or a combination of two turbines, one driving the com- 
pressor and another driving the propeller. When engine 
performance is evaluated by charts, the combination of the 
two turbines is considered as a single tmrbine having the 
combined power output and over-all turbine efl&ciency of 
the two. 



The variables affecting the performance are divided into 
a primary group and a secondary group. 


The primary group of variables is: 

Exhaust-nozzle velocity coefficient, which includes losses 
in tail pipe, C, 

Compressor total-pressure ratio, Pa/Pi 
Combustion-chamber-outlet total temperature, 
Ambient-air temperature, to 
Jet velocity, Vj 
Airplane velocity, Vo 

Ratio of propeller thrust produced to propeller-shaft 
horsepower input, a 
Burner efficiency, 17 s 

. Compressor adiabatic efficiency, ijc 
Propeller efficiencgr^ which includes losses in reduction 
gearing, i?. 

Turbine total efficiency, rjt 

The secondaiy group is: 

Ratio of total-pressure drop through inlet duct to 
compressor-mlet total pressure, AP^/Pi 
Ratio of total-pressure drop through combustion cham- 
ber to compressor-outlet total pressure, APj/Pj 
E ffect of difference between physical properties of cold 
air and hot exhaust gases during expansion proc- 
esses. (Effect of change in specific heat of gas during 
other processes is included 'in charts.) 

Charts are presented from which the propeller-thrust 
horsepower, the propeller thrust, and the fuel-air ratio can 
be evaluated for various combinations of design-ppint operat- 
ing conditions. The equations from which the charts are 
prepared are derived in appendix A and are listed in appen- 
dix B.- Some of the following equations used in combina- 
tion ‘with the charts give the performance of the turbine- 
propeUer system. 

The total thrust of the engine is the sum of the propeller 
thrust and the jet thrust. 

'The jet thrust, when the effect of the added fuel is neg- 
lected, is given by 

. (la) 


When the effect of added fuel is included, the jet thrust is 
given by 

Fs=Ma(y,-Vo)+fMaVj (lb) 

The thrust horsepower of the jet is expressed as 

( 2 ) 


The thrust horsepower produced by the propeller (which 
includes the effect of added fuel) is given by 


thpr 


Af*a^ ptJCp a ^ 


550 




V VvcZ 
l+T” VvcZ 


R?^.(i+,/) 

2(F,Jc^,ato J 


(3) 


and can be evaluated from the charts. 

'The total thrust horsepower of the engine is the sum of 
the jet-thrust horsepower and propeller-thrust horsepower. 



Flight Mcich number 
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For the engine operating at a given set of conditions, an 
optimum division of power between the exhaust jet and the 
propeller exists for which the total thrust horsepower and 
efficiency of the system are maximum. The jet velocity for 
this optimmn. condition is given very closely by 

Fo (4a) 

VtVp 


This expression is derived in appendix A. The jet veloc- 
ity can vary appreciably from this optimum value with only 
a small effect on the total thrust horsepower and engine 
efficiency. 

At zero ffight speed (Fq= 0 and i?p=0) the expression for 
Vj,opi is indeterminate. When the factor a is introduced 
where « is the pounds of thrust produced by the propeller 
per propeller-shaft horsepower input, the expression for 
V},opt becomes 


Fy.opj — 


550C? 


Vt<x 


(4b) 


The thrust developed by the propeller at any plane speed 
Fo (VoT^O) is obtained from the propeller-thrust horsepower 
by the equation 


rp tk'Pp 


(5) 


For the case of Vo—0, the factor Fp/a is determined from 
the charts. 

The compressor-shaft horsepower is given by 

hpc=MpJCpJ<,Zl550=5Q75MaZt^l519 ( 6 ) 

The compressor-inlet total temperature is 

Ti=to(l+F) (7) 

The turbine-shaft horsepower is 

hp,:J^+hpp (8a) 

At zero ffight speed (thpp=0 and Vp=0), the turbine 

power is 

hpt=^+hpc (8b) 


The fuel consumption per unit mass rate of air flow is 
determined from the fuel-air ratio by the relation 

W,/Af„=116,900/ (9) 

DISCUSSION OF CHARTS 

By means of equations (1) to (9) and the curves of flgures 2 
to 7, the performance of the turbine-propeller engine can be 
readily evaluated. The curves are presented in a form that 
shows the effects of the variables on performance. In 
figures 2 to 4 are shown curves for evaluating some of the 
primaiy parameters that are used in the principal per- 
formance chart (fig. 5) from which the thrust horsepower of 
the propeller is determined. The fuel-air ratio is evaluated 
wth the use of figures 6 and 7. 

Curves for obtaining the flight Mach number, the 
compressor-inlet total pressure, and the factor Y for various 

3210D5— 55 e 



(a) Correction 0 . 

(b) Corrections 
(o) Correction e. 

FIocee 3.— Chart for determining factor c. («=1— o— ft+c) 


values of the factor Vo-\l519/to are shown in figure 2 (a). 
Values of Yf plotted against the factor Vf^l519ltc are shown 
in figure 2 (b). 

The value of e, which accounts for the effect of the second- 
ary group of variables, is obtained from figiue 3. The 
quantity e is given by the relation 

e=l-a—b-f-c 

Correction a, which gives the effect of total-pressure drop 
through the irdet duct APa, is shown in figure 3 (a). Cor- 
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rection b, which, measures the effect of total-pressure drop 
through the combustion chamber APa, is introduced in figure 
3 (b). Correction c, which corrects for the difference be- 
tween the physical properties of the hot exhaust gases and 
the cold air involved in the computation of the expansion 
processes through the turbine and exhaust nozzle, is given 
in figure 3 (c). In general, the value of e is close to unity 
and can be taken as equal to unity when a rapid approxima- 
tion is desired. 


The compressor total-pressure ratio is plotted against the 
quantity in figure 4. The compressor-shaft 

horsepower is computed from equation (6) and the value of Z. 
The effect of the variation in specific heat of air during com- 
pression is neglected in this plot; the maximum error in Z 
introduced is about 1 percent for the range of compressor 
pressure ratios shown in figure 4 and for compressor-inlet 
temperatures up to 550° R. 

The value of plotted against the factor 

1 


VcVte 


TU 1 V- 

<0 U+rj 


is also shown in figure 4. The quantity 

(P 3 lPi)rtf is useful in that it is the compressor pressure ratio 
for maximum power per unit mass rate of air fiow for any 
given values of rjaVteTJto and Y, provided that the change 
in component efficiencies and e with change in pressure 
ratio is negligible. When tiie change in e with Pj/Pi is 
appreciable, (Pj/POm/ differs somewhat from the compressor 
pressure ratio giving maximum power per unit mass rate of 
air flow. Even in this case', the power per unit mass rate of 
air flow corresponding to (Pa/Pi)^/ is generally wiflim 1 
percent of the true maximum. The actual compressor 
pressure ratio Pj/Pi divided by the quantity (Pa/POr./ 
defines the value of X used in figure 5. 



avaQablo from NAOA upon request) 








Fiourb 5.— Ohart for determining thrust-horsepower or shaft'horsepower Motors. {A 17- 
by 21-in. print of this chart (in two sections) is available from NAOA upon request.) 


The cmves in figure 5 are used to determine the propeUor- 

thpj, 519 i]c Pp 519 f • 1 

' '' — for various values 


horsepower factors or -,7. , 

^ Ma to Vp Ma to a 

of the parameters VcVttTJto, ivcVtIOiWi—T, and X or 1/X. 
When X is less than unity, the value of 1/X is used; the 
reason is apparent from an examination of equation (A34) 
(see appendix B) for figiue 6. Corresponding to the values 
of riat],eTJio and X or 1/X, a point on the right-hand set of 
curves is determined; then progressing horizontally across 
the chart to the desired value of {vcVt/Oi)Yj—T, a sec- 
ond point is located. Moving from this second point 
parallel to the left-hand set of direction lines imtil the 
ivcvJOi)Y}—Y=0 line is intercepted, the value of the 
propeUer-thrust-horsepower factor or propeller-shaft-horse- 
power factor is then read at the intercept. 

The compressor-outlet total temperature Tj plotted against 
the factor #o(l + I"-l-Z) is shown in figure 6. This curve in- 
cludes the variation in specific heat of air during compression 
and was computed from reference 4. The variation in spe- 
cific heat is accounted for in this case; whereas it is neglected 
in figure 4, because the error introduced in the evaluation of 
the temperature rise during compression by the assumption 
of a constant value of specific heat is greater than the error 
introduced by the same assumption in the evaluation of the 
compressor power. 


The fuel-air-ratio factor rjof is plotted in figure 7 against 
Ti — T 2 (total-temperature rise in combustion chamber) for 
various values of Tt. These curves are based on information 
given in reference 5 and are for a fuel having a lower heating 
value h of 18,900 Btu per pound and a hydrogen-carbon ratio 
of 0.185. For fuels having other values of h, the value of/ 
given in figure 7 is corrected accurately by multiplying it by 
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tbe factor 18,900/A. The effect of hydrogen-carbon ratio of 
fuel on / is generally small; and, for a range of hydrogen- 
carbon ratios from 0.16 to 0.21, the error due to the deviation 
from the value of 0.185 is less than 0.5 percent. The fuel 
consumption per unit mass rate of air flow is obtained from 
the value of / and equation (9). 

In the preceding discussion of the charts, the effect of the 
mass of injected fuel was not mentioned. It is shown in 
appendix A that the effect of the added fuel can be taken 
into account by substituting the product of tmbine total 
efficiency?;, and (l-j-/) for the value of ?;, in the charts. This 


adjustment occurs in flgure 4 in the factor ?;c?;,e 


to 



(which is used in determining (Pj/Pilr./) and in the factors 
?;<,?; ,eT^/fo and {'noihlO^Y of figure 5. The value of the 
jet-thrust horsepower is evaluated from the jet velocity by 
means of equations (lb) and (2). Equations (4a) and (4b), 
which are used to determine the optimum jet velocity, do 
not require this adjustment in the value of ?;,. 

EXAMPLES OP USE OF CHARTS 

As an example of the use of figmes 2, 4, and 5 and equations 
(1) and (2) for a rapid approximate computation of the thrust 
horsepower per unit mass rate of air flow thpIMa, a case is 
considered in which the following conditions are given: 



/o(l + K+Z), "R 

Fioub* 6.— Ohart tor determining Tt for varlons valnes of h(l+y+Z). 
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Cktmpressor adiabatic efl5oiency, tjc 0. 80 

Turbine total efliciency, i;i 0. 90 

Propeller efficiency, ti„ 0. 85 

Exhaust-nozzle velocity coefficient, C, 0. 96 

Airplane velocity, Vo, ft/sec ! 733 

Jet velocity, V/, ft/sec 1000 

Compressor pressure ratio, Pj/Pi 6 

Ambient-air temperature, <o, “R 519 

Combustion-ehamber-outlet temperature, Tt, °R 1960 

From the assumption that e is equal to 1, ihpIMa is then 
evaluated with these given quantities as follows: 


VoV519/<o, ft/sec 733 

Y (from %. 2 (a)) 0. 086 

V,V519/io, ft/sec 1000 

Yj (from %. 2 (b)) 0. 160 

2.719 

(iTv)’-- 

(Pi/Pi)r./ (from fig. 4) 4. 31 

X^{PdPdKPJP^r.t 1.39 

(vovJC^)Yi-Y. 0.039 

hp/(slug/seo) (from fig. 5) ■ 2085 

ilia IJjt to 

(App/flfa, hp/(slug/sec) 2215 

thpi/Ma, hp/(slug/seo) (from eqs. (1) and (2)) 355 

IhpfMa, hp/(8lug/seo) 2570 


The use of figures 2 to 7 and equations (1) to (9), which 
permit evaluation of such performance values as compressor- 
shaft power, fuel consumption, thrust horsepower, and 
specific fuel consumption with a high degree of accuracy, is 
illustrated in detail in the following example. The effects 
of the secondary parameters are now accurately evaluated 
and the method of accounting for added fuel mass is also 
shown. The example is based on the engine having the 
following design conditions: 


(1) Compressor adiabatic efficiency, ijo 0. 80 

(2) Turbine total efficiency, rji 0. 90 

(3) Combustion efficiency, th 0. 97 

(4) Propeller efficiency, vr ft 85 

(5) Exhaust-nozzle velocity coefficient, C, 0. 96 

(6) Airplane velocity, Vo, ft/sec 733 

(7) Jet velocity, V;, ft/sec 1000 

(8) Compressor total-pressiu:e ratio, Pi/Pi 6 

(9) Ambient-air temperature, to, °R 519 

(10) Combustion-chamber-outlet total temperature, °R 1960 

(11) Ambient-air pressure, po, Ib/sq in 14. 7 

(12) Total-pressure drop through inlet duct, APg, Ib/sq in 0. 25 

(13) Total-pressure drop through combustion chamber, APj, 

Ib/sq in L 5 

(14) Lower heating value of fuel, h, Btu/lb 18,500 


DETERMINATION OF F AND FLIGHT MACH NUMBER 


From items (6) and (9) : 

(15) VoV619/Io, ft/sec 733 

From item (15) and figure 2 (a) : 

(16) Y. a 086 

(17) Flight Mach number 0. 66 

DETERMINATION OF Z AND hpJM. 

Item (8) read on figure 4 determines 

(18) pe^/(H-F) 0.689 

From items (18), (16), and (1): - 

(19) Z a 908 


Using items (19) and (9) in equation (6) gives 

(20) hpJM,, hp/ (slug/sec) 6163 

DETERMINATION OF f AND Wjtil. 

From items (9), (16), and (19): 

(21) io(l+V+2), °R : 1036 

IVom item (21) read on figure 6: 

(22) T,,.»R 1026 

From items (22) and (10) : 

(23) Tt-T,, “R 936 

From items (23) and (10) and figure 7 : 

(24) vif- 0. 01372 

Items (24) and (3) give 

(26) / 0. 01414 

Because the lower heating value of the fuel is equal to 18,600 
Btu per pound (item (14)), item (25) must be multiplied by 
the factor 18,900/18,500, and the adjusted value is 

(26) / 0. 01446 

Using item (26) in equation (9) gives 

(27) Wf/Ma, ab/hr)/(slug/sec) 1675 

DETERMINATION OF FACTOR i 

From items (11), (12), and (13) : 

(28) APj/po - 0.017 

(29) AP^po 0. 10 

From figure.2 and item (15) : 

(30) (P,+APj)/po 1. 336 

and using item (28) with item (30) gives 

(31) Pi/po- - L 318 

Using items (31) and (8) yields 

(32) P^po 7. 91 

From items (28) and (31) : 

(33) APi/Pi 0. 013 

whereas from items (29) and (32) : 

(34) APj/P, 0. 013 

From items (16) and (18) : 

(36) Y+vcZ — 0.812 

Items (33) and (35) in figure 3 (a) give 

(36) o 0. 006 

while items (34) and (35) in figure 3 (b) give 

(37) b 0.006 

When items (10), (26), and (32) are used in figure 3 (c), 

(38) c 0. 036 

From items (36), (37), and (38): 

(39) 6=1-0. 005-0. 005+a 036.. 1.026 

DETERMINATION OF (Fi/Fi),,/ AND X 

Using items (1), (2), (39), (10), (9), and (16) gives 

(40) ^ 2. 363 

From item (40) read on figure 4 : 

{41),(P^Pj)r./ 4.60 

From items (8) and (41) and the definition of the parameter 

(42) X 1. 333 

DETERMINATION OF thplil., SPECIFIC FUEL CONSUMPTION, AND 
OTHER PERFORMANCE PARAMETERS 

Using items (1), (2), (39), (10), and (9) gives 

(43) VcVi^T,/to 2. 787 

From items (7) and (9) : 

(44) ftlseo 1000 

and from item (44) read on figure 2 (b) : 

(45) V, 0. 160 



■■■■■■■■■■■■■■■■I 


■■■■I 

■■■■I 


mmtmmmumul 

.^jBSKVQBasgiaHal 

^BBBBBBBIRBQIilBBBBBBl 

BBBBBBBnRKBI 

■■■■■■KflRKaBaBHHl 

mmmmmmwiUKmmmmmmuuml 

BBBBBflflBBBBflBBBBBBBBBHBBBBBBBBBBBBBBBBBBaaKBBB^ 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBHaKBBBI 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 

flflflBflflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBailBBBBBBBBBBBl 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBKBBBBBBBBBI 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB.BB»BBBBBBB 

BBBBBflflBBflBBflflBBBflflflBflflflflBBBBflBflBBBflBKBWBinflflBBfl 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBMKaB^SlBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBR«»»«BBBBBBBBB 
BBBBBBBBRBBBBBBBBBBBBBBBBBBBBBBBBBB98K«»BBBBBRBBBB 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBRiaKKBSII 

BflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBRi«ffi»IZaBI 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBZKZaKBi:: 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBR!ia»i.ZKBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB)KiKi«»ZBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBIK«5ZZ«BBBBBBBBBBBB 
BBBRBBBBBBBBBBBBBBBBBBBBBBBBBBKS(5Z!»ZBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBRBBBBBBBBBBBi^»!«e«aBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBRRZZZBBBBBBBBBBBBBB 

IRZZ!»!i8(»BBBBBBBBBBflBBB 
IZi^iZZZBBBBBBBBBBBBBBB 
IRtiZZ!6!^.ZlBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBflB«»!»K)6iZBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBiiiZZZi MBB BBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBZ;Z»iii(ei!BaSSIBBBBBBBBBBBBBB 
BBBBflflBBBBBBBBBBBBBBBBBBBI^j$!%Z98SIBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBB^/ZZiiZBI 
BBBBBBBBBBBBBBBBBBBBBBBBRZ^ZZBI 
BBBBBBBBBBBBBBBBBBBBBBBRi^iSiZflZISiBI 

mmm fMy/Vjzmmi 

raBBBBBBBBBBBBBBBBBBBBB^%%iSgai 

MmmmmmmmmmmmmmmmmmmmmwAV/y/YA'jimrnmummmmmmmmmmmmmmmmmm 
mHmmmmmmmmmmmmmmmmmmy/M/Ay/Mumummmmmmmmmmmmmmmrnmmm 
BBBBBBBBBBBBBBBBBBBBB!%i%;0SSlBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBB^^i^ZBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBB^i^^ilBBBBBBBBBBBBBBBBBBBBBBBB 

mummuuummummumummmm/MAw/AUumumuumummmmummmmmmmmmum 

BBBBBBBBRBBBBBBBBBI^^i^^'/SSflBBBBBBBBBBBBRBBBBBBBBBBBR 
BBBBBBBBBBBBBBBBBB%!;^!!;^^.»^BBBflBBBBBBBBBBBBBBBBBBBfl 
BBBBBBBBBBBBBBBBB»!iS^%iBBBBBBBBBBBBBBBBBBBBBBBBBBR 
BBBBBBBBBBBBBBBBR«!%] 

BBBBBBBBBBRBBRBRIiSmi^iill 

mmmmmmmmmummmmmrmmmi 

mmmmmmmi 

mmmmMmmt 

mmmmmuummmummrnu^Aumt 

mmmmummmmmmmmmmmut 

BBBBBBBBBBBBr/gBBBBBBBBBBBBBBB BBB BBBBBBBBBBBBBBBBBI 

BBBBBBBBBBsi^BBBBllllllflflBllliBlIlliiiiiiiiiiiiiiiiiiiiii 

,BBBBBBBBBB»BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBL_. 
iBBBBBBBBRISflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBl 
flBflflBflflBKBBBflflflRflflflBBflBBBBBBBBBBBBBBBRBBBBBBBflBBBBBBBr 
BflBBBBBDZBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 
BflBBBBRnBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 
BBBBBBXBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBRBI 

iBBiflRaBBBBBBBBBBBBBBBBBBBBBBRBBBBBBBBBBBBBBBBBBBRBRBRflBal 


17^1 

IBRBBBBBBBBBBBBaBBBBBBBBBBBBaiBBBflBBBBaBBBBBBBaBBBI 

IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 

mt 


IBBBBBBBBBBBBBlI 








126 


REPORT 1114 — ^NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


From items (1), (2), (5), (45), and (16): 

(46) VcViYiia-Y. 0.039 

From items (46), (43), and (42), read on figme 5: 

(47) ^ hp/(8lug/seo) , 2267 

iH® ijp Ui 

The thrust horsepower per unit mass rate of air flow 
developed by the propeller is obtained by using items 

(47) , (1), (4), and (9): 

(48) thpjJMa, hp/(slug/sec) 2399 

Items (48) and (6) are substituted in equation (5) ; the 
thrust per imit mass rate of air flow developed by^ the 
propeller is 

(49) FJMa, lb/ (slug/sec) 1799 

Using items (6) and (7) in equation (la) gives 

(60) PilMa, lb/ (slug/sec) 267 

and then items (50) and (6) in equation (2) give 

(61) tApy/il/a, hp/(slug/seo) 366 

Now, from items (48) and (51) : 

(62) ihpIMa, hp/(slug/8ec) 2766 

and from items (49) and (50) : 

(63) FjMa, lb/(slug/sec) 2066 

The specific fuel consumption is evaluated from items 

(27) and (52) : 

(64) W/lihp, Ib/hp-lir 0. 608 


EFFECT OF MASS OF ADDED FUEL ON F/M. AND thplM, 

When more acciurate results are desired, the effect of the 
mass of fuel introduced is accovmted for in the calculations. 
The effect of the added fuel is handled by substituting the 
product of the turbine total efficiency i;, and (1+/) for the 
value of jj,, which will now be done for the case just con- 
sidered. 


From item (26) the adjusted value of item (40) becomes 

(66) vcvfi ^ (i^y - 2. 396 

From figure 4 is obtained the corresponding 

(50) (Pi/POr^- - - 4.61 

From items (56) and (8) : 

(67) X L 30 

By use of the modified value of rjt, item (43) becomes 

(58) VorittTtllo 2. 827 

and item (46) becomes 


Using items (57), (58), and (59) in figme 5 gives 

(60) hp/(slug/sec) 2351 

iUa Vp to 

or 

(61) OipjJMa, hp/(slug/seo) 2497 

Evaluating the propeller thrust from items (61) and (6) 

and from equation (5) gives 

(62) FJMa, lb/ (slug/sec) 1874 

In evaluating the jet thrust from items (6) and (7), 
equation (lb) is now used and gives 

(63) F,/M„, lb/(slug/sec) 281 

From items (63) and (6) and from equation (2) : 

(64) thpilMa, hp/ (slug/sec) 375 

The total thrust horsepower per unit mass rate of air 
flow from items (61) and (64) is. 

(66) ihplM,, hp/(8lug/seo) 2872 

From items (62) and (63) : 

(66) FIMa, lb/(8lug/seo) 2165 


and from items (65) and (27) : 

(67) Wf/thp, Ib/thp-hr 0. 683 

ACCURACY OF METHOD 

The final equations for thrust horsepower (eqs. (A24) and 
(A34)), from which figure 5 is plotted and which are derived 
with the aid of several simplifying assumptions, give values 
of thrust horsepower which check very closely Avith values 
obtained from very accurate step-by-step evaluation of 
conditions throughout the cycle. Over a wide range of 
operating and flight conditions, the maximum error in the 
value of thrust horsepower obtained from the charts is less 
than 0.5 percent. 

The results of the examples used to illustrate the use of the 
charts give an indication of the effect of e on the thrust horse- 
power. For the conditions of the example, choosing an 
approximate value of «=1.0 results in a value of thrust horse- 
power about 7 percent different from the value of thrust 
horsepower evaluated from the more accurate value of 
€=1.025. In general, the percentage error in thrust horse- 
power wfil range from two to four times the percentage error 
in £. In cases where the combination of conditions is such 
as to result in low values of thrust horsepower, an error in e 
has a much greater effect on thrust horsepower. 

Also, for the set of conditions chosen, the thrust pOAVer is 
about 4 percent greater and the specific fuel consiunption 
.about 4 percent lower when the added mass of fuel is taken 
into account. In general, if good accuracy of results is 
desired from the charts, it is necessary to include the effect 
of added fuel. 

TURBINE-PROPELLER-ENGINE PERFORMANCE 

In order to illAistrate the performance and some of the 
characteristics of the turbine-propeller engine, several cases 
are presented. First, the performance of the turbino- 
propeUer systeiq over a range of flight and engine-design-point 
operating conditions and fixed design-point component effi- 
ciencies is discussed. Each set of design-point operating 
conditions and component efficiencies represents a different 
engine. Second, the off-design-point performance of tAVO 
specific turbine-propeUer engines ’(Avith given sets of matched 
components) is discussed. For this case a method is pre- 
sented for matching components; also the interrelt^tion 
between component characteristics and over-all engine per- 
formance is shoAvn. 

DESIGN-POINT ENGINES 

For the purpose of illustrating the manner in Avhich the 
thrust horsepower per unit mass rate of air flow and specific 
fuel consumption are influenced by compressor pressure ratio, 
combustion-chamber-outlet temperature, flight speed, and 
ambient-air temperature, the folloAving fixed parameters are 
assumed: 
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Compreesor adiabatic efficiency, ijo 0. 86 

Turbine total efficiency, -qt 0. 90 

Combustion efficiency, qh 0. 96 

Propeller efficiency, y® 0. 86 

Eshaust-nozzle velocity coefficient, C, 0. 97 

Lower heating value of fuel, h, Btu/lb 18,900 

Correction factor, « LOO 


The jet velocities in all cases considered were the optimum 
jet velocities evaluated from equations (4a) and (4b). 

The effect of the mass of fuel added is included in these 
performance calculations. 



The values of component efl&ciencies and e at the design 
point will tend to vary with change in design-point operating 
conditions. In the present computations, the component 
efficiencies and e were assumed constant at the values listed. 
The method illustrated in the examples for using the charts 
was followed in evaluating the performance. 

The performance of the system is presented in figure 8; 
the thrust horsepower per unit mass rate of air fiow (or 
equivalent propeller shaft horsepower per imit mass rate of 



Fioube a— Pcrfonnanca of tnrblne-propcller engines for range of design-point flight and engine operating conditions; q,, 0.85; iji, 0.80; 0.96; Ct, a97; h, 1^900 Btu per ponnd; «, 1.00. 
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air flow for the static case, Vo==0) and the speciflc fuel con- 
sumption are plotted against compressor pressure ratio for 
various values of combustion-chamher-outlet temperature 
at several combinations of airplane velocity and ambient-air 
temperature. The range of investigated was from 1600° 
to 3200° R, and the compressor pressure ratios ranged up to 
40. Lines for compressor pressure ratios giving maxiinum 
thrust horsepower per unit mass rate of air flow (X=l) and 
for minimum speciflc fuel consumption at any temperature 
Ti are included in the flgme. 



(o) Vj, 733 feet per second; U, 413° H; V/, 903 fcet per second; 0.86. 

Fioobe S.— Ooncloded. Performance of tnrblnc-propeller engines for range of design-point 
flight and engine operating conditions; i)» 0.86; 0.90; et, 0.96; C,, OSfl; b, 18,900 Btn per 

ponnd; «, LOO. 


Performance curves at Pi)=0 and <o=519° R are shown in 
figure 8 (a). For this case where the thrust horsepower is 
zero, the equivalent total shaft power per unit mass rate of 
air flow and specific fuel consumption based on equiv- 

alent shaft power are plotted against compressor pressm'o 
ratio. The factor a was assumed equal to 4 pounds per horse- 
power in order to convert the jet thrust into equivalent shaft 
power. The optimmn jet velocity calculated from equation 
(4b) for this case is 144 feet per second. 

In figures 8 (b) and 8 (c) are presented curves of thioist 
horsepower per unit mass rate of air flow and of specific fuel 
consumption plotted against compressor pressure ratio. 
Figure 8 (b) is for the case of ’F'o=733 feet per second and 
<0=519° R; and figure 8 (c), for Fo=733 feet per second and 
<0=412° R. ' The optimum jet velocity for both those cases, 
computed from equation (4a), is 902 feet per second. 

The curves of figure 8 show that with no limitation on 
compressor pressure ratio, higher thp/Ma (or equivalent 
total shaft power per unit mass rate of air flow when the 
system is at rest) and lower specific fuel consumption can 
be obtained by increasing the Tj. At any given Ti there 
is an optimum P»/Pi for maximum thp/Mg and an optimum 
Pi/Pi for minimum Wfithp. The compressor pressure ratio 
for minimum specific fuel consumption is greater than that 
required for maximum thpIMa. 

The effects of flight speed and ambient-air temporatm’o 
on the performance of the turbine-propeller system at a 
given combustion-chamber-outlet temperature of 1960° R 
are shown in figure 9. In figure 9 (a), the thpfMa and 
Wfithp are plotted against ambient-air temperatures at Fo 
of 367 and 733 feet per second for the following cases: 

(a) Compressor pressure ratio chosen to give maximiun 

thpIMa (^=1) 

(b) Compressor pressure ratio chosen to give minimum 

Wfithp 

At each flight speed, the corresponding optimum jet velocity 
is tised. 

This figure shows that <o has an important effect on the 
performance values; the thpIMa decreases and the specific 
fuel consumption increases appreciably as <o increases. For 
the given conditions, the thpIMa decreases about 30 percent 
for both cases (a) and (b) as <o increases from 393° to 519° R 
(the 393° R temperature corresponds to an NACA stand- 
ard altitude of 35,332 ft, the start of the tropopause). 
The values of thpIMa for case (a) are about 13 percent greater 
than those for case (b) over the range of <o investigated, • 

The specific fuel consumption increases about 25 percent 
for both cases (a) and (b) as the ambient-air temperature 
increases from 393° to 519° R. The values of Wfithp for 
case (a) are about 10 percent higher than those for case (b). 
It is also evident from figure 9 that increasing flight speed 
results in only slightly increased values of thpIMa and 
slightly decreased values of Wfithp for both cases (a) and (b). 
Over the range of ambient-air temperatures considered, 
increasing the flight speed from 367 to 733 feet per second 
results in changes in thpIMa and Wfithp of about 2 percent. 
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(a) Speolflc fuel eonsnmptlon and thrust horsepower per unit mass rate of air flow. 

(b) Compressor pressure ratios for minimum 22 and A=l. 

tip 

PiaUBE 9. — Effects of flight speed and amblont-elr temperature on performance at compres- 
sor pressure mtlos for minimum spedfio fuel consumption and for marininTn thrust horse- 
power i>er unit mass rate of air flow; Ti, 1900° E; i)«, 0.88; tjt, 0.90; 0.85; os, 0.96; G, 

0.97; A, 18,900 Btu per pound; t, 1 A). 


The compressor pressure ratios associated with, the per- 
formance values given in figure 9 (a) are presented in figure 
9- (b). The large increase in required pressure ratio from 
the condition of X=1 to the condition of minimum specific 
fuel consumption is to he noted. 

In figures 8 and 9, it was assumed that the compressor 
adiabatic efficiency remains constant at 0.85 regardless of 
the pressure ratio. As the desired pressure ratio is increased, 
however, it becomes increasingly difficult to design a com- 
pressor to maintain a high adiabatic efficiency. A reduction 
in the compressor adiabatic efficiency with increase in pres- 
sure ratio reduces the gains derived from increase in pressure 
ratio and hence reduces the value of the optimum pressure 
ratios for maximum thrust horsepower per unit mass rate 
of air fiow and for minimum specific fuel consumption. 

This condition is illustrated in figure 10 in which a turbine- 
propeUer engine equipped with a multistage axial-fiow com- 
pressor having a polytropic efficiency of 0.88 is con- 
sidered. The other parameters of the engine are the same 



Fiqube 10.— OomparisoiL of performance with constant tj, and with constant at vorlotis 

compressor pressure ratios; 733 feet per second; Vi, 003 feet per second; U, 510^ It; npr 
0.86; iji, 0.00; rjb, 0.06; Ct, 0.07; b, 16,000 Bta per pound; c, 1.00. 


;J21005— 35 10 
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as for figvire 8 (b). Figure 10 sbows tbe oyer-all adiabatic 
efficiency of the compressor, the specific fuel consumption, 
and the thrust horsepower per unit mass rate of air flow 
for a range of pressure ratios. The pressure ratio is iucreased 
by adding stages to the compressor. Although the poly- 
tropic efficiency is held constant, the over-all compressor 
adiabatic efficiency decreases with increase in pressure ratio. 
At a pressure ratio of 5, the compressor adiabatic efficiency 
is 0.85, the value used in the computations for figures 8 and 9. 
For the range of Ti shown, the values of P2/P1 for maximum 
thpIMa and minimum W/fthp are lower for the case when 
the reduction in compressor adiabatic efficiency with in- 
creased pressmre ratio is considered than those for the case 
of constant itc of 0.85. This change in P3/P1 for maximum 
thpIMa and minimum Wfjthp is more pronounced at the 
higher value of Ti. 

The effect of increasing pressure ratio across the turbine 
on turbine efficiency is not easily predicted. In the design 
of a tmbine for greater pressure ratios, the number of 
turbine stages is usually increased and the pressme ratio 
per st-age is increased, in order to economise on the size 
and weight of the turbiue. Increasing the nnmber of tur- 
bine stages tends to improve the over-all turbine efficiency 
(provided that the efficiency per stage remains the same). 
However, increasing the pressure ratio per stage may result 
in some reduction iu stage efficiency^^ which will offset the 
gains obtained by the increased number of stages. The 
net effect on the over-all turbine efficiency depends on the 
compromise between pressure ratio per stage -and number 
of stages. 

ENGINE WITH GIVEN SET OP MATCHED COMPONENTS 

The points on the previous performance curves pertain 
to a series of tiub'ine-propeller engines in which the com- 
ponents are changed to provide the desired characteristics 
at each point. It is of interest to examine over a variety 
of operating conditions the characteristics of a turbine- 
propeller engine having given components. 

Two engines are considered in this study. One engine 
has a propeller, an axial-fiow compressor, and two independ- 
ent tiubines (divided turbine system); one tiubine drives 
only the compressor and the other drives only the propeller. 
The second engine contains the same components, except 
that the two turbines are connected to provide a single 
rotating system (coimected tiubine system). Components 
chosen have performance characteristics fairly representa- 
tive of their type and are not to be interpreted, as being the 
best available. Although the performance of each engine 
depends on the characteristics of the particular components 
chosen, some general trends may be demonstrated by con- 
sidering the illustrative case. Plots of the chaa-acteristics 
of the components and the performance of the turbine- 
propeller engines incorporating these components are pre- 
sented in figures 11 to 18. Calculations of engine perform- 
ance were simplified by neglecting the mass of fuel in 
evaluating turbine output, by neglecting any losses in 
transmitting the shaft power from turbine to propeller, and 


by assuming the drop in total pressm-e thi-ough the combus- 
tion chamber proportional to the combustion-chamber-inlet 
total pressure. The errors introduced by these simplifi- 
cations are too small to influence the basic trends illustrated. 
In the computation of the performance of the tm-bino- 
propeUer engine, the following parameters are assiuned: 


Combustion eflSciency, rn 0. 00 

Exhaust-nozzle velocity coefficient, C, 0. 07 

Lower heating value of fuel, h, Btu/lb 18,000 


In order to simplify the specific fuel consumption plots, the 
specific heat at constant pressure of the gases during com- 
bustion was assumed to be a function only of TJTi. 

Compressor characteristics. — ^The conventional presenta- 
tion of the performance curves for an illustrative 8-stage 
axial-flow compressor is given iu figure 11. Values of 
PJPl, Vc, and Kc are plotted against the for various 

values of The slip factor is defined as 

„ 550 hpc 

MaUf 

At a given UJ-y/K, reducing the Ma-y/filSi by throttling 
the compressor outlet first results in a very rapid increase 
in pressure ratio and efficiency and then a more gradual 
increase iu these parameters to peak values. Excessive 
throttling to the position indicated by the surge line results 
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in stalling of the compressor, which is accompanied by 
surging of the air flow. It is to be noted that operation at 
higher tip speeds is limited to narrower ranges of mass flow. 

Turbine characteristics.' — The performance characteristics 
of a typical single-stage turbine with moderate reaction 
are shown in flgure 12. The mass-flow factor of the gas 
through the turbine is plotted in flgme 12 (a) against P 4 /P 6 
for various values of The turbine jet velocity 

Vt,i is defined as the theoretical jet velocity developed by 
the gas expanding isentropicaUy through the turbine nozzle 
from turbine-inlet total temperature and pressure to turbine- 
outlet static pressme. The values of the upper abscissa 
corresponding to the values of are obtained 

from the velocity equation 



The values of the upper ordinate are obtained 

from the product of Mg-JfjSi and For pressure 

ratios across the turbine greater than 2.54, the value of 
is constant (that is, choking occms at the turbine 

nozzle). 

The turbine total efficiency ij«,i is principally a function 
of TJt,ilVt,i and, to a lesser extent, a function of the pressure 
ratio across the turbine and the Reynolds number; is 
defined as 


nt.i 


_ 550Api,i 

^ VI 


(11a) 


8 9 

pmp- 


fl/sec 

10 ’ll 12 13 


I4xI02 
■’ I ‘ ' I 



(a) Mass-flow characteristics. 


PiouBE 13. — Oharaoterlstlcs of first single-stage turbine. 


The relation between total efficiency, blade-to-jet speed 
ratio, and pressure ratio is given in figm-e 12 (b) ; the Reynolds 
number effect is omitted in this analysis. The turbine- 
shaft efficiency also shown in figme 12 (b), is defined as 


/ 


550 hpt.i 


(11b) 


In this definition the turbine is not credited with kinetic 
power corresponding to the average axial velocity of the gas 

at the turbine discharge. In the plot of ' against 

Ut.il V t.i 

Ut,ilV,^i in figure 12 (b), the effect of PJps is so sligh t that 
only a single curve is shown. The parameters ■ and 

Ut,i/ V t,i 

MgVt,i!Si are usefffi in evaluating turbine operating condi- 
tions for given turbine, work output and compressor operating 
conditions. 
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Gas generator. — ^Th.e combination of compressor, combiis- 
tor, and turbine whicb drives the compressor is referred to as 
the gas generator. It converts the heat energy from the 
fuel to enei^ available in high-temperature, pressurized 
gases. These gases are expanded in a second turbine which 
drives the propeller and are further expanded in the exhaust 
nozzle to provide jet power. 

When the compressor and the turbine of the gas generator 
are matched, it is necessary that the mass flows through the 
components be consistent (that is, the gas flow through the 
turbine equal the sum of the air flow through the compressor 
and the fuel flow) and that the compres^r work required 
equal the turbine work output. The compressor .and the 
turbine sizes are so adjusted that desired mass-flow factors 
through the components are obtained when the compressor 
is operating at its design point and design turbine-inlet to 
compressor-inlet temperature ratio TJTi is maintained. 
The turbine of figure 12 is matched with the compressor of 
figure 11 for a design-point temperatme ratio TJTi of 4.23 


and a design compressor pressure ratio Pj/Pi of 6.1 at a tip 
speed factor Ud-yldi. of 1062 feet per second. These condi- 
tions permit operation sufficiently far from the compressor 
surge line to ensure stable operation of the gas generator over 
a wide range of conditions off the design point. 

Lines of constant temperature ratio Pi/Pi for the matched 
turbine and compressor are shown superimposed on com- 
pressor characteristics in figure 13 (a). If the difforonco 
between Mo and M* (due to added fuel) is neglected, the 
following identity can be written: 

MoV^ P, 

Pi “PiVt^ P4 

If T represents the ratio of the drop in combustion-chamber 
total pressure to the compressor-outlet total pressure, then 

APa=Ps— P4=J’Pa 

or 

P4=(l-r)Pa 



(a) Lines of constant TtjTi and constant Mfjsjli. 

Fiqube 13.— Operating (iaraoterlstlcs of gas generator consisting of matched compressor and turbine wbioh drives compressor; APt/Pt, O.OS; U,IUi i, I.O. 
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(b) lanes of constant PJpt and constant Y, 0.10 (flight Mach nnmber, 0.71). 

Fioube 13.— Continued. Operating oharaeterlstles of gas generator consisting of matched compressor and turbine which drives compressor; APl/Pj, OJ35; XJdUu, 1.0. 


Tt, increasing the combustion-chamber-outlet temperature 
is equivalent to throttling the compressor. This iucrease 
Pi ^ Pi V Ti Pi in Ti causes an increase in compressor pressure ratio and 

or decreases the mass-floiv factor. Excessive comhustion- 

Ma-yffi ^Pi ffi chamber-outlet temperature may carry operation into the 
5^ si surge zone. 

In operating regions where choking of the flow occurs at Lines of constat are also plotted on the gas- 

the turbine nozzle, the value of becomes constant generator operatmg curves (fig. 13) because these curves 

(for example, for pressure ratios PJp, greater than 2.54 for ^ operation of Je second turbine with that of the gas 
the turbine shown in fig. 12 (a)). When this constant value ^toj. If the difference between and Mg is again 

of Mg^ilSi is substituted into equation (12) and a value is ^^eglected, the following identity can be written : 

assumed for r, it is possible to compute the value TifTi M fe M IF I T T /P P\ ^ 

at any value of AfaV^i/Si and the corresponding Pj/Pi. In — | — -= — | — 

the nonchoking region, the value of Mg^/FifSt is not so * i ■« i \ 4 6/ 

easily deterr^ed, and the more general method described in any operating point, the quantities MaV^/5i, P4/P1, 

appendix 0 is used. , P2/P1 can be read and PJPi computed from 

It is evident from the lines of constant TJTi that, at any 
given rotational speed and compressor-inlet temperature 


PVPi=(l-r)P2/Pi 
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The corresponding values of PJPs and Tg/T* are determined 
by the method described in appendix C, and the correspond- 
ing MfyfdijSi is evaluated from equation (13) . 

For the gas-generator combination, the compressor power 
is equal to the turbine power; hence, from equations ( 10 ) 
and ( 11 ) and again from the assumption that Ma and are 
equal, 


and 



(14) 

(15) 


The ratio of compressor tip speed Tie to the turbine-blade 
speed Ut .1 is a constant for any given engine. Thus, any 
value of Ke determines the value of 17 ,'. i (Yt.ilUt.d^ and, from 
figure 12 (b), determines the value of from which the 

values of ^t,i and Tjt.i can he obtained, when the effect of 


pressure ratio across the turbine is neglected. A value of 
TJJUt,! equal to 1.0 was chosen for the engine. For the 
compressor shown in figure 11 , the variation in the value of 
Ke over the entire operating range was from 1.6 to 2 . 1 . The 
corresponding variation in was small enough that 

the turbine operated at nearly constant efficiency over the 
entire operating range of the gas generator. 

Matching second turbine. — ^For operation at a given flight 
Mach number, a characteristic of the gas generator is that 
along a given line the pressure ratio available for 

further expansion at the inlet to the second turbine Pg/po 
decreases as M,V^/5g increases. This trend is sho'wn in 
figures 13 (b) (for F=0.10) and 13 (c) (for F"=0), which ore 
plots of the gas-generator operating characteristics showing 
lines of M^V^/Sg (which are independent of flight speed) and 
lines of Pg/po (which are a function of flight speed). The 
possible operating range on flgure 13 is located between the 
sui^e line and the line of limiting values of Mg-y[fj5s permitted 
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by the second turbine. Any limiting value of Mg-yfdJSs is 
the value of the mass-flow factor through the second turbine 
when the pressure ratio across the turbine is equal to the 
maximum pressure ratio available Ps/po- It is evident that 
the second turbine should be designed to permit limitmg 
values of Mg^dsISs sufficiently large to provide the engine 
with a reasonable range of operation on the gas-generator 
plot. The increase in is accomplished by designing 

a larger second-turbme nozzle area. Excessive^ increase in 
design turbine-nozzle area should be avoided, however, 
because, for a given (as set by the gas generator), 

there results a reduction in pressure ratio required across the 
second timhine, which is accompanied by a reduction in the 
power obtainable from this turbine. An inefficient distribu- 
tion of power between the propeller and the exhaust jet may 
result. The second-turbine nozzle area chosen for design 
operating conditions should be the best compromise between 
extent of operation and efficiency of power distribution 
between the propeller and the exhaust jet. 

The characteristics of the second turbme which drives the 
propeller are shown in figure 14. They are similar to those 
of the tmrbine driving the compressor (fig. 12), except that 
the maximum values of the mass-flow factor are different. 

Matching propeller. — The problem of propeller matching 
involves mainly the selection of proper propeller size and 
proper relation between propeller and turbine speeds, so 
that the propeller will have a high efficiency at engine design 
conditions and maintain high efficiency over a wide range of 
off-design engine operation. A value of Ut,ilNp, based on 
reasonable estimates of turbine pitch-line diameter and gear 
reduction ratio between the turbme and the propeller, is 
chosen. This value of TJt.ilNp, when once fixed for a given 
engine, determines the value of iVp/V^ for any engine operat- 
ing condition {JJ and being known for that 

operating condition) and affects the manner in which pro- 
peller efficiency varies with changing engine operating condi- 
tions. At any operating condition of the engine, the flight 
speed factor To/V^ is known, and the propeller-shaft horse- 
power factor ^Pp/VMi can bo evaluated. Fixing the values 


f'/sec 

7 8 9 10 II 12 13 14x10^ 

-prill ii| M n | i inn i i ir m iT i i n| i u m n i | > m i i t f i ■ | 



(a) Mass-flpvr characteristics. 

FiQtJBE 14,— Obaracteristlcs of second sUyjle^tage turbine. 


of propeller diameter D„ and fJ^a/iVp (and hence, Npj-yfBi) 
determines the values of power coefficient Gj, and advance 
ratio VoINpDp at every operating point; these values in 
turn determine the propeller efficiency. The variation of 
propeller efficiency with engiae operating conditions depends 
on the values of Z>p and U^a/iVa selected. Therefore, the 
propeller diameter Dp and, to some extent, the value of 
U^ilNp are adjusted by trial imtil a good compromise of 
propeller efficiency and engine operatiag range is obtained. 
Reference 6 presents a similar and more detailed discussion 
of matching a propeller to a turbine for the same type engine 
considered here. Figure 16 shows the characteristics of a 
high-efficiency four-bladed propeller at flight Mach numbers 
of 0.65 and 0.71. Values of the power coefficient Op are 
plotted against the advance ratio VoINpDp for various values 
of propeller efficiency and blade angle. The propeller 
efficiency is largely dependent on tip Mach number and drops 
off rapidly when a value of tip Alach nmnber slightly greater 
than 1 is exceeded. The maximum efficiencies range from 





136 


BBPOBT 1114 — NATIONAL ADVISORY COMMTTTBB FOR AERONAtTITCS 



Fiqube 16 .— OharacterUUca of hlgl»-*peed propeller. 

about 0.93 at flight Mach number of 0.55 to about 0.88 at 
flight Macb number of 0.71. At higher flight Mach num- 
bers, because tip Mach numbers greater than 1 are almost 
always encountered, lower efficiencies exist. The values of 
propeller efficiency presented in flgure 15 are b^ed on actual 
shaft power input to the propeller and do not include losses 
involved in the tr ansmis sion of power from turbine to 
propeller. 

Performance of engine with divided turbine system. — 
Any point on the plot in figure 13 (a) represents the gas 
generator operating at a given set of conditions such as 

UeJ-\/¥i, A/oV®i/®i) Pj/Pi, and The 

at any point is fixed; it is therefore evident from figure 
14 (a) that the second turbine, if imchoked, can operate 
only over a range of definite combinations of Ut^ilVt ,3 and 
Pj/pe- Hence, for every point on the gas-generator curve 
the second turbine can operate over an extent of pressure 
ratio Pg/pe and corresponding Ut,slVt,3; the power output of 
the turbine, the turbine efficiency, the jet power of the 
engine, the propeller speed, and the propeller efficiency all 
vary accordingly. 

When the mass-flow factor is the maximum value 

that the second turbine can attain (ia other words the flow 
through the turbine is choked), the pressiue ratio across the 
turbine is independent of (see fig. 14 (a)). Thus any 

point on the gas-generator plot along this choking Af,V^/5s 
line corresponds to operation at any combination of Ut, 2 lVt ^3 
and Pg/pe. (The quantity Pg/pg may have any value equal 
to or greater than that required for choking but not ap- 
preciably greater than the available Pg/po at the operating 
point. The case in which pa is less than po is possible; 
however, it'necessitates a diffuser to discharge the gas from 
the tmbine outlet to the atmosphere and is generally not a 
desirable condition.) 


The value of M,V^5g which gives choked flow in the second 
tiubine sets one of the limits on the possible operating region 
in figure 13 (a). For the turbine imder consideration (fig. 
14), the maximum value of M^V^Sg is 0.60 slug per second, 
and hence all points in figure 13 (a) at values of M,-\/^5g 
greater than 0.60 slug per second are unattainable. Fiuther- 
more, in order to attain this choked flow, the availablo Pg/po 
must be equal to or greater than the choking pressure ratio 
2.54 given in figure 14 (a). Figure 13 (b) shows the pressm’e 
ratios Pg/po corresponding to figure 13 (a) and F=0.10 (Mach 
number, 0.71). The point S marks the intersection of the 
line of Af,V^5g=0.60 slug per second with the line of 
Pj/Pj= 2.54. AU points on the line of Mg-^JOs/S6=O.QO slug per 
second to the right of point S have values of Pg/po greater 
than 2.54 and hence are attainable conditions. 

To the left of point S in figure 13 (b), the line of V^3g= 
0.60 slug per second intersects values of Pg/po less than 2.54 
and hence is an imattainable condition (if pg is limited to 
values equal to or greater than po) . Figiue 14 (a) indicates 
that in this region the attainable value of Mg-^sllh depends 
on the values of Pg/pg and Z7«,j/y),2. The dashed ciuvo in 
figure 13 (b) gives the maximum attainable value of M,V^5g 
corresponding to the condition U t,3lVt,3=0.5 (at which the 
efficiency of the second turbine is a maximum). The region 
in figure 13 (b) between the line of maximum attainable 
Mg-i/^ds and the surge line is the possible operating range 
for the combination of turbines chosen in this illustration at 
F=0.10. The dashed curve can be shifted somewhat by 
choosing a different value of Ut, 3 lVt, 3 - 

The conditions of figure 13 (c) correspond to those of figm’O 
13 (a) and zero flight speed (F=0). In this case aU values of 



(b) y, 0.10 (flight Mach number, 0.71). 

Fiqube 16.— Conduded. CJharacterlstIcs of high-speed propeller. 
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Pb/Po shown are less than 2.54, and the choked condition in 
the second txrrbine is not attained. The dashed curve is 
again the upper limit on the value of Mg-y/^S^ for Z7^a/F^2= 
0.60, and operation for this flight condition is limited to the 
narrow strip between the^ dashed line and the surge line. 

The permissible operational region discussed in connection 
with figure 13 will now be discussed in greater detail. 

A plot sho-rving the relation between operatiog parameters 
of the second trubine and the gas generator is shown in figure 
16. The blade-to-jet speed ratio Ut,ilV ,^2 is plotted against 
Pc/Pb for lines of constant lyPi or Figure 16 (a) 

is for a constant tip-speed factor of 1062 feet per second. Every 
point on the gas-generator plot (fig. 13) at this value of tip- 
speed factor has a unique value of Ma-yfBijhi and IV and is 
represented by a line of operation on the engine- operating 
plot of figure 16 (a). This characteristic is evident from the 
previous discussion, in which it was shown that there is a 
series of combinations of and Pt/Pe corresponding 

to every point on the gas-generator plot. The region in 
figure 16 (a) at pressure ratios Ps/pe of 2.54 and greater (in 
which the second turbine is choked) corresponds to operation 
at the point in figure 13 on the (7e/-s/^=1062 feet per second 
lino where Mg-y/^d^—O.QO slug per second. 

The operation-limit lines at which the entire Pe/po available 
equals Ps/pe, for flight Mach numbers equal to 0 (F=0), 0.55 
(F=0.06), and 0.71 (F=0.10), are also shown on figure 16 (a); 
operation is possible between the surge line and these limit 
lines for the specified Mach number. It is noted that for 
zero fiight speed (F=0) the Pj/po available is never great 
enough to obtain choked flow tiurough the second turbine. 
Figure 16 (b) is similar to figure 16 (a), except that the 
compressor tip-speed factor is 1006 feet per second. Because 
the available Ps/po is lower at this lower Ud-y/K, the range of 
operation of the turbine at the same flight Mach nmnbers is 
smaller. 



(a) 1062 feet per second* 

Fioube 16.— Relation between operating parameters of second turbine and gas generator. 



(b) UJ Vftf ^006 feet per second. 

Fiqubb 16. — Concluded* Relation between operating parameters of second turbine and 

gas generator. 


The over-all performance values of the engine which have 
been superimposed on figure 16 axe shown in figure 17. 
The values of the total-thrust-horsepower factor ihp/-d^di, 
the specific fuel consumption, the propeller efficiency ijp, and 
second-turbine efficiency at any values of and 

Pb/Pb are shown in figure 17 (a) for F‘=0JL0 (Machmunber, 
0.71) and compressor tip-speed factor of 1062 feet per second. 
Figure 17 (b) is for Z7c/-V^=1062 feet per second and F=0.06 
(Mach nmnber, 0.56); figure 17 (c), for Z7«/V^=1006 feet per 
second and F=0.10; and figure 17 (d), for Ud-yJ^=100Q feet 
per second and T=0.06. The curves of which are 
functions of Ut,ilVt ,3 and P«/pb only, are the same for all 
plots of figxue 17 and hence are given only in figure 17 (a) . 
In order to evaluate rjj,, values of Pp=13 feet and TJt.dNg,= 
80 (ft/sec) /rps were selected for the engine. 

- These figures show the effect of varying Pj/pa and 2 

on the over-all performance of the engine. In the range of 
values of Ut,ilVi ^3 from 0.45 to 0.60 and over the entire range 
of values of Pe/pe shown in figure 17, the maximum variation 
in thpl-y/^8i is about 16 percent and the maximum variation 
in specific fuel consmnption about 20 percent. In this range 
of values of Ui_3lVt,3 (0.45 to 0.60) and Pslpe, the values of 
turbine efficiency and propeller efficiency do not vary appre- 
ciably. At low values of Pb/pb, the power output is lai^e, 
makdy because the operating TJTi is high. However, the 
percentage of propeUer-shaft power to total power available 
as useful work is much less than the optunmn value. In- 
creasing Pb/Pb improves the efficiency of the power distribu- 
tion between the propeller and the jet, which together 
with an accompanying improvement in compressor efficiency 
leads to decreased specific fuel consumption of the engine. 

The effect of flight speed on performance factors is shght 
at both tip-speed factors shown. The total-thrust- 
horsepower factor increases slightly, and the specific fuel con- 
sumption decreases slightly with increased flig ht speed. It 
should be noted that, inasmuch as the factors di and 5i both 
increase with flight speed, the values of thrust horsepower 
increase much more than the values of thpj-y/^di. At a given 
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or TJTi, the specific fuel consumption decreases as 
flight speed increases mainly because of operation at higher 
values of Ti. At the lower flight speed, the propeller eflB.- 
ciency is less sensitive ip a change in operating conditions 
and remains at a higher value over a large part of the operat- 
ing range shown in figure 17. 

The thrust-horsepower factor drops off rapidly as com- 
pressor tip-speed factor is reduced from 1062 to 1006 feet 
per second. This decrease is due to operation in a region 
of lower TJTi, lower mass-flow factors, and lower compressor 
pressure ratios. The specific fuel consumption also suffers 
when the tip-speed factor is reduced, mainly because of the 
, accompanying decreases in compressor pressure ratio and 
TJTi. At a tip-speed factor of 1062 feet per second and 
F=0.10, an optimum specific fuel consumption of about 0.60 
pound per thrust-horsepower-hour is obtained, and the corre- 
spondiogthrust-horsepower factor is about 2700 horsepower. 
At TJJJBi of 1006 feet per second and !F’=0.10, the optimum 
specific fuel consumption is about 0.64 pound per thrust- 
horsepower-hour, and the corresponding thrust-horsepower 
factor about 2200 horsepower. 

The rapid drop in thrust-horsepower factor with com- 
pressor tip-speed factor is even more pronounced at the lower 
tip-speed factors, because the propeller is unsuited to handle 
efficiently the low shaft powers that accompany the lower 
tip-speed factors (this characteristic is not evident from 


engine-performance figures which are presented only ' for 
values of UjJfy of 1062 and 1006 ft/sec). This observation 
emphasized the fact that this type of engine is very largely a 
maximum compressor tip-speed engine. The use of a free- 
wheeling turbine to drive the propeller permits a ■wider range 
of propeller operating parameters for given engine operating 
conditions than does the singlerturbine engine, because the 
speed of the second turbine is independent of compr^or 
speed. Better propeller performance can thereby be ob- 
tained. 

In order to obtain the operating ranges shown in the plots 
of figures 13 and 17, a variable-area exhaust nozzle is re- 
quired. The effective exhaust-nozzle area corresponding to 
design conditions (17^/^^= 1062 ft/sec, TJTi=4o.2d, PJPi^ 
5.1, UtfilVta=0.50, and PJpi=2.Q at F=0.10) is 1.08 
square feet (evaluated by the method described in appendix 
D). This constant-area line of operation is included on 
figure 17. At any given flight Mach number, each point on 
the gas-generator ■ plot has a small range of exhaust-nozzle 
areas associated ■with it. Conversely, at any flight Mach 
munber each exhaust-nozzle area corresponds to a small 
range of operation along any Ud-yjTi line on figiue 13. The 
entire region of operation for constant e.xhaust-nozzle area 
A„=1.08 square feet over a range of compressor tip-speed 
factors is included between the dashed curves m figure 13 (a) 
for F=0.10. Figure 17 shows that the design nozzle area 



(a) nj 1062 feet per second; V, OJO (flight Mnoh number, 0.71). 

Fiqube 17.— Total-thrust-hoiiepower factor and spedflo fuel consumption of matched turbine-propeller engine; iji, 0.96 ;C, ,0.97; 4, 18.900 Btu per pound; APe/Pi, 0A3; APi/Pi, O.OS; UJUi.i, LO. 
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Tip 

(b) UJ^, 1082 reel per second; Y, OM (flight Mach number, 0^. 

Fioube 17.— Continned, Total-thmst-horsepower lactor and spedflo fuel consomptlon of matched turbine-propeller engine; 171,0 J 6 ; Ci, 0.97; i, 18,900 Btn per pomid;APe/i^, 0.03; Aft/Pj, 0.06; 

UJUtj, 1.0. 


of 1.08 square feet allows operation at almost optimum 
engine efficiency for the ranges of compressor tip-speed fac- 
tor from 1006 to 1062 feet per second and of Y from 0.06 
to 0.10 but at powers lower than maximum. The variable- 
area nozzle allows a much wider choice of combinations of 
economy and power than the fixed-area nozzle. 

Temperature-stress limitations.' — ^An important consider- 
ation in the determination of engine operating limits is the 
limitation due to excessive stresses in the turbine blades, 
which is a function of turbine pitch-fine velocity, turbine- 
inlet temperature, and tm-bine design. The stresses in 
turbine blades are discussed in reference 7 for a range of 
pitch-line velocities for various turbine-blade designs, and 
turbine sizes. Eeference 8 shows the allowable stress of 


several turbine-blade materials as a fimction of temperature. 
In plots similar to figmes 13 and 17, these factors mnst be 
taken into account m determining the regions of operation. 
Inasmuch as the value of the temperatme at the turbine 
inlets for given temperature ratios TJTi and Tg/Ti wfil vary 
with Ti, the limits of the operating regions imposed by 
strength considerations on- these plots are functions of Ti. 

The second turbine in the.case of the divided turbine sys- 
tem can operate over a range of pitch-fine velocities (or 
at any inlet temperature Tg. Therefore, at any 
TilTi or TsjTi there may be some maximum value of 
that cannot be exceeded because of stress limita- 
tions; this maximum value increases as Tg decreases. At 
lower values of compressor tip-speed factor, the problem of 
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limitation due to excessive stresses diminishes, particidarly 
for the first turbine, which has a pitch-line velocity directly 
proportional to 

Performance of engine with connected turbine system. — 
The engine with both turbines connected is restricted to a 
fixed relation between turbine pitch-line velocity Ut^ and 
compressor tip speed Uc- However, the power out of the 
first stage (the first -turbine iu the engine with divided 
turbine system) is no longer limited to being equal to com- 
pressor power. Some characteristics associated with the 
removal of the limit on turbine power distribution will now 
be discussed. 

At any operating point on the compressor map (such as 


fig. 13), the corresponding values of TJTi, Mg-yj^5i, and 
depend on the power output of the first turbine. 
When this power output is prescribed as in the case of the 
engine with divided turbine system (where the power output 
is always equal to the compressor power), these factors are 
all determined at every point. At a given the 

power output of the second turbine (or second stage) is 
limited by the range of PsIVt possible at this mass-flow 
factor (see fig. 14). When the engine with a divided turbine 
system is operating at a given compressor point, it is thus 
limited to a range of power output of the second turbine, 
which depends on the corresponding value of 
The adjustment of the distribution of the available power 



(c) 100® per second; Y, 0.10 (flight Mach nnmber, 0.71). 

FiQtTBE 17.— Oontinued. Total-thrust-horsepower foctor and specific fuel consomptlon of matdied turbine-propeller engine; 0.96 Cf, 0i)7; h, 18,900 Bta per pound; APi/Pi, 0.03; APt/Pi, O.Of; 

UJUij, IJO. 




A THEKMODTNAMIC STUDY OF THE TDHJBINE-PBOPBLLER ENGINE 


141 



(d) 1006 feet per second; Y, 0J)6 (fllglit Mach number, 0.6fi). 

Fiouee 17.— Concluded. Total^hrustJiorseiKJwer factor and spedflo fuel consumption of matched turbine-propeller engine; 17 ,,0.96; C„ 0.97; h, 18,900 Btu per pound; APa/Pi, 0.03; APilPt, O.OS; 

UJU,.i 1 . 0 . 


between the propeller and the exhaust-nozzle jet is thus 
often limited, and a low over-all engine efficiency may result 
at some off-des%n-point conditions. On the other hand, 
when the engine with coimected turbines operates at a 
given compressor point, the values of TJTi and PJPs can 
be varied to give variable power output from the ffist turbme 
stage by an adjustment in fuel flow, exhaust-nozzle area, 
and propeller blade angle. This variation also leads to a 


range of values of that correspond to the given 

compressor operating point; hence, a larger range of power 
output may be obtained from the second-turbine stage. 
Power extraction from both turbines may then be adjusted 
to give more economical distribution of available power 
between propeller and exhaust jet than is possible with the 
divided turbine system, particularly at off-design operation. 

Included in flgure 17 are lines of operation for constant 
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UclUc;t=l-0. This condition, p.ertains to the operating line 
of an engine with the given connected tixrbine system having 
a fixed relation between Z7,^ and TJe and with the power 
output of the first-stage turbine equal to the compressor 
power. Figures 18 (a) and 18 (b) are performance plots 
of the engine similar to that of figure 17 (a), except that the 
power output of the first turbine is 3 and 7 percent greater, 
respectively, than the compressor power. These increases 


in power output of the first-stage turbine are obtained by 
increasing the combustion-chamber-outlet temperature Ti 
and adjusting the exhaust-nozzle area and the propeller 
pitch; liie range of values of the increase in turbine power 
is limited in order to avoid exceeding appreciably the 
design value of Tj. Operating conditions for these plots 
are liie same as for figure 17 (a), namely ]P'=0.10 and 
27 c/V^= 1062 feet per second. Lines' of operation at 



(a) hpijjhp., 1.03. 

FiqObe 18.— Perfonnance plots of matched tarhlne-propeller engine lor varlons valoes of power ontpnt of first tnrblne to coinpressor power; Uj-Jit, 1083 feet per second; Y, 0.10 (flight Mach 

number, 0.71); e», 0JI6; C,, 0n7; k, 18,900 Btu per pound; APe/Pi, 0.03; APi/Pi, 0.03; UJXJti, 1.0. 






















(o) hptjJhp„lMU>lSn; UJUti-lS). 
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Uc/Uta=^-0 are again located on, these plots and represent 
the case of the engine with connected tiirbines under 
consideration. 

The operating lines for Z7c/Z7,^=1.0 of %ures 17 (a), 
18 (a), and 18 (b) and the corresponding engine performance 
are shown on a single plot in %ure 18 (c). This %ure 
shows the effect on total power and specific fuel consumption 
duo to varying the values of the ratio of the power output 
of the first turbine to the compressor power hpt.ilhpc from 
1.00 to 1.07. Operation over this range of values of hp,Jhpe 
is possible for the engine with connected turbines, whereas 
the divided turbine system limits engine operation to a 
value of hpiJhpe=l.Q0. Figiues 17 (a) and 18 show that 
the engine with connected turbine system can achieve high 
power increases and maintain good economy hy mcreasing 
the value of Ti/3i. This desirable performance character- 
istic is possible bec^iuse efficient distribution of power 
between propeller and jet is obtained at higher temperature 
ratios by extracting more power from the first turbine stage, 
which (by causing a higher value of which, is 

accompanied by an increase in pressure differential across 
the second turbine) permits greater power output from the 
second turbine. For the engine with connected tiubines 
illustrated, approximately a 20-percent increase in the total 
power output is obtained by increasing the TJTi from 4.23 
(the design-point value) to 4.89 and increasing the value 
of hpt,ilhpc from 1 to 1.07 with an increase in specific fuel 
consumption of only 1 percent. On the other hand, the 
engine ^vith a divided turbine achieves an increase in total 
power of about 5 percent for this same change in TJTi 
(see fig. 17 (a)), while the specific fuel consumption increases 
about 17 percent. 

For the conditions shown in figures 17 (a) and 18, the 
propeller and turbine efficiencies for the engine with the 
connected turbines are not appreciably decreased by re- 
strictions imposed by the fixed relation among Uc, Ut,i, 
and Utfl for the interesting operating range. (The tinbine 
efficiencies in fig. 17 (a) apply to fig. 18.) 

Operation over the entire region shown in figrrre 18 (c) 
requires a variable-area exhaust nozzle. The line of constant 
An of 1.08 square feet is included in this figure. For the 
particular operating conditions covered in this figure, it is 
seen that this constant exhaust-nozzle area permits operation 
to be maintained at best efficiency for a range of powers 
including maximum power. With An of 1.08 square feet, 
the engine with a connected turbine can operate at TJel^i= 
1062 feet per second from the surge line to the limiting line 


at which Mg-^6il5s=0.Q0 slug per second. At other values 
of compressor tip-speed factor, the region of operation on 
the compressor map ydth constant-area exhaust nozzle is 
much greater for the engine with a connected turbine than 
for the engine with a divided turbine. 

SUMMARY OF RESULTS 

For a series of turbine-propeller engines in which the 
appropriate components axe used to give the design-point 
conditions and efficiencies, the following results were obtained : 

1. At a given set of operating conditions, ma ximum thrust 
per unit mass rate of air flow and ma ximum thrust horse- 
power per unit mass rate of air flow occurred at a lower com- 
pressor pressure ratio than that at which minimum speciflc 
fuel consumption occurred. 

2. An increase in combustion-chamber-outlet temperature 
caused an increase in power output per unit mass rate of 
air flow. Improved speciflc fuel consmnption was obtained 
with increased combustion-chamber-outlet temperature, pro- 
vided that the compressor pressure ratio was correspondingly 
increased. 

3. An optimum jet velocity existed which gave best 
distribution between propeller-shaft power and jet power for 
maximum thrust horsepower and efficiency. 

The following results were obtained from a study of two 
turbine-propeller engines, one engine having a divided turbine 
system in which the first turbine drove only the compressor 
and the second turbine independently drove the propeller, 
and the other engine having a connected turbine sj^tem 
which drove both the compressor and the propeller: 

1. The connected turbine system offered greater adjust- 
ment of distribution of available power to the propeller 
shaft and the exhaust-nozzle jet, thereby permitting more 
efficient power distribution at off-design-point operation. 

2. The divided turbine system offered more flexible control 
of component rotational speeds, which enabled speed adjust- 
ment giving best combination of turbine and propeller 
efficiencies. 

3. When equipped with a constant-area exhaust nozzle, 
the engine with the divided turbine system was limited to a 
very narrow region of operation on the compressor operating 
diagram, whereas the engine with the connected turbine 
system was capable of a wide range of compressor operation- 

Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, Augmt 2, 1961 



APPENDIX A 

DERIVATION OF PERFORMANCE EQUATIONS AND MISCELLANEOUS- EXPRESSIONS 

Wa ideal work for adiabatic process, ft-lb/slug 
The ]'et velocity is given by 


In addition to those symbols previously listed, the follow- 
ing symbols are used in these derivations: 


Cp average specific heat at constant pressure of gases 
during combustion process, Btu/(slug)(°F) CThis 
term, when used with the temperature change dur- 
ing combustion, is used to determine fuel consump- 
tion.) 

Ht) enthalpy of air corresponding to ambient-air tempera- 
ture < 0 , Btu/slug 

H 2 enthalpy of air corresponding to compressor-outlet 
' total temperatme T 3 , Btu/slug 

Po free-stream total pressure, Ib/sq ft abs 
Ra gas constant of air, 1716 ft-lb/(slug)(°F) 

Rt gas constant of exhaust gas, ft-lb/ (slug) (°F) 

Ps total temperature at outlet of second turbine, 

X' factor equal to f or (X) ta 


Yl—oTr T 550hp, 


T.-l 






•y.-i 


and when the last term is expanded into a series, 

■r.-i 




7* 


-1 APj 


for small 

-la 


7t 


By the use of equations (A2) and (A3), 


r r i«zi i£zi 

•*L W W W V 7r / PaJ 


Let 


K 


^P.g 

1- 

fPo') 

KPJ 

T.-l-I 

Cp^a 

1- 

('po') 

KPJ 

Ya-1" 

To 


and 


T.-I 


K‘ 


-Tg-I 

/7a-i y 

w V 7a 


When equations (A4) to (A6) are used in equation (Al), 


bbOh-pi 


2 A/a(l +/)’?! 


(Al) 




(A3) 


(A4) 


(A6) 


(A6) 


(A7) 


Define 


F2 


2t7 


(AS) 


The total temperature at the compressor inlet (which is 
equal to the total temperature of the inlet air) is 


T\ — to" 


Vi 


=io(l-fF)- 


(A9) 


, 2 jCp,a 

The ratio of the ideal stagnation pressure Pq to the ambient- 
air pressure is 

To To 

(AlO) 

t'v y 
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p m To 

Pq_/Pi\to- 1 I -p~vTo-l 

Po \toJ ^ 


The ratio of the actual total pressme at compressor inlet 
to the ambient-air pressme is 


Pi Po — APa 


Po 

from whicb 


Po 


-(l-t-D-'*-‘-(^)(^) (All) 


Pi (1-bD 


yg 

,Y«-1 


Po 


^Pl 


(A12) 


The compressor-shaft horsepower expressed as a function 
of compressor-inlet temperature and pressme ratio is 
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(A13) 


where the specific heats of air during the compression process 
are assumed constant. Because of this assumption,' the 
value of the compressor-shaft power calculated from equation 
(Al3) for a given pressure ratio, inlet temperature, and 
efficiency is slightly greater than the actual compressor power. 
The deviation increases with increasing pressure ratio and 
inlet temperatme. For values of Ti up to 550° R and Pj/Pi 
up to 40, the maximum error in compressor power is about 
1 percent. 

Define 


550Apc 


(A14) 


(Al3) results in 

Ps / 1 I + 

Pi V "^l+'Fy “V l+F J 
Equations (Al2) and (Al5) are combined so that 


{v£\ 

\Pj 


Ta-l { 

To V 


1 + 


Pj 


To-1 

ta 


1 + F-j-ijcZ 


and expanding giv^ 


To-l 


(l+^) - 


so that substituting equations (A9) and (Al4) into equation 

V4- V /'>'a-l\AP, 


which is accurate for small values of APa/Pi. 
From equations (Al6) and (A 17) 


W 


Ta-l 

To 


1 -j-F H-ijcZ 

When equations (Al6) to (A18) are substituted into equation (A7), 


Yl. 

Ci 




{t+vcZ 


Ta- 


■1 AP. 


/7a-l\APj 

7a Pi I 


V 7« y P. 

V 1+F d-ijcZ / _ 

1 


550hpt 


APjAPs 


The term involving the product of the pressure-drop ratios -55-^ can be neglected, so that equation (Al9) becomes 

Jri 


V f V f ]-i 

The factor e is defined by the equation 

Yl-oTr T . 550hp, 

CP,~ *l+y+VcZ 1 


550hpt 


2 Ma{l+f)r]t 


— Ma{l+f)vt 


from which 

,^K-K (^) (f ) (3^)(f ) (t 4 z) 

Equation (A21) can be rewritten 

r+v^ \ 

jMa \to l-hP~hvcZ 2(7jt7cp,o^/ 


l~h^~hve^ 

The thrust horsepower developed by the propeller is 

thpp _^^ I'hpi hpc'\^ 


’?<(! ■ d~j0t7cp.ato 
560 


Afa 




Ma MJ 


and substituting equations (A14) and (A23) in (A24) yields 


iih^pp ^p*7cp^ato 
~Ml~ 550 

The thrust horsepower developed by the jet is 


»/ «(!+/) 


Ti F-j-»jaZ 


to 


■ 2(7JJc,.ato J 




(A15) 

(A16) 

fAl7) 

(A18) 

(A19) 

(A20) 

(A21) 

(A22) 

(A23) 

(A24) 

(A25) 


fA26) 
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The total thrust horsepower of the engine is the sum of the propeller-thrust horsepower and jet-thrust horsepower; thus, 
from equations (A25) and (A26) 


th-p TJpt/Cp.oior V^iuil+f) VcZ~\ . r-rr/-. > Tri 1^0 

Ma~ 550 1 + r+VcZ 2<7?JCp.afo 57c 

OPTIMUM JET VELOCrrr AND t,^ FOH MAXIMUM thplM, 


(A27) 


For given values of Vo, 57p, vt, Ve, Ti, U, and t and with the component efficiencies and e assumed to remain constant as 
ricZ and Vj varjj optimum values of i/cZ and Vj are obtained from 


and 

From equation (A29) 
and from equation (A28) 


eT'Cp^ato57p /f I 4\ 

bivcZ) ~ 550 to 


Tt ^ (1 + F +ric Z)—(X~^ VeZ) 1 


(l-{-Y-i-'ricZy t 

b(thplM^) _ JCj,_Jori^ r 2Vjr,,(l+ff \ Vo 

biVj) 550 L 2 < 7 ?Jcp,pfo J 550 

Oi 


■ =0 


V^.cp,= Vo 


Vtrjt 




(A28) 

(A29) 

(A30) 

(A31) 


where the term (i]eZ)Ttf is used to designate the value of ijcZ for which the thpIMa given by equation (A27) is a maximum. 
Define 


1+F-|-i7oZ 


VcVt' 


and 


Tr- 


:(l+y)e 


Vf 


T, 


When equations (A32) and (A33) are substituted into equation (A25), 
The thrust produced by the propeller is 

Fp _ 550 thp^ 
Ma Vo Ma 


(A32) 


(A33) 


(A34) 


(A36) 


Define the factor a as the ratio of the poimds of thrust produced by the propeller to the excess of turbine horsepoivor 
output over compressor horsepower input; then, 

(A36) 


hp,—hpc 


When equations (A3 5), (A36), and (A24) are combined, 

Zh. /519\ /'519\ fru\ 

MAtoJKaJ MaKtoJKvJ 


(A37) 


This equation permits the propeller thrust to be evaluated from equation (A34) when Vo=0 (at which velocity Vp=0 
and tkpp=Q). 

For the case of Vo=0, the expression for optimum jet velocity (for optimum thrust) similarly reduces to 


Vuc 


a 550 


Vt cc . 

when equations (A35), (A36), (A24), and (A30) are combined, 

EVALUATION OF CORRECTION FACTOR 6 

The factors a and b are defined as 

_ AP^ya-1 1 

Ya T+VcZ 


(A38) 


(A93) 
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and 


APa Ta-1 1 

Pi To T+iicZ 


(A40) 


WhBn equations (A39) and (A40) are substituted into 
equation (A22), 

e=K-Ka-K'b (A41) 

The terms K and K' are close to unity in value, whereas 
the values of a and b are small in comparison with unity; 
therefore only a small error is introduced by letting 


e=K—a—b 

The quantity c is defined as 

c=K-l 

then 

e=l—a—b+c 
From equation (A5) and reference 9, 

Wih 

2 

c=- 


T, 




(A42) 

(A43) 

(A44) 

(A45) 


Jc 


where the values of W<»/T< are obtained from references 4 and 
9 and unpublished data extending figure. 9 of reference 9. 
These values correspond to the temperature and pressure 
ratio Pj/po. 

FUEL CONSUMPTION 

The expression for the fuel-air-ratio factor to obtain a rise 
in total temperatme in the combustion chamber from 2s to 
24 is 

/ Pi) (A461 

32.2^. 

where values of Cp are determine’d from reference 5. 

From the conservation of energy, 




H,=Ho+-^+550 


MaJ 


(A47) 


where Hi is the enthalpy of the air corresponding to the 
compressor-outlet total temperature Ti in Btu per slug. 
(Zero enthalpy is arbitrarily fixed at absolute zero tempera- 
ture.) The symbol is the enthalpy of air corresponding 
to the ambient-air temperature to in Btu per slug and is 
given by 

Ho— Cp^ Jto (A48) 

If equations (A48), (A8), and (Al4) are used in equation 
(A47), 

Bi=Cp.oio(l + I^+2) (A49) 


Since Tj is a function only of Hi, 

2a= ^ (Bj) = ^[Cp.aio(l -f- iF-f-Z)] 


(A50) 


and the Ti corresponding to the enthalpy Hi is obtained from 
reference 4. 

DERIVATION OF MISCELLANEOUS EXPRESSIONS 

' The pressure ratio {PilP-dret corresponding to any values 
of F and CvcZ),^^ is, from equation (A15), 


VPi 


Pj\ _ l+F -h(VcZ)„y^ , 

/T$f L 


ro-1 


(A51) 


T+T 

or, substituting equation (A31) in equation (ASl) gives 
From equations (Al6), (A31), (A32), and (A51). itis seen 


that 

To-1 



Y' r 1 "1 

~UPilP^r,A 

(A53) 

Define 

Y P i/Pi 

(PilPdre, 

(A54) 

then 

To 



x=ixy--^ 

(A55) 


APPENDIX B 

EQUATIONS FOE PERFOEMANCE CHARTS 


(The equation numbers correspond to those in the deriva- 
tion given in appendix A.) 

Figure 2 (a). — 

VI 1 


Y= 


2Jcp,<A) 2Jcp,a619 




(AS) 



Figure 2 (b). — 


Yi= 




2Jcp^Jio 2t7*Cp^abl9 




(A33) 


Figure 8 (a). — 
Figure 3 (b). — 

Figure 3 (c). — 



To— 1 

1 

“ Pi 

To 

Y-\-TJcZ 


To— 1 

1 

Pi 

To 

Y-\-iicZ 


Wa, 



T, 



Jc 




(A39) 

(A40) 

(A45) 


where values of WnlTi are obtained from references 4 and 
9 and unpublished data extending data in reference 9. 
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(A51) 




In order to include the effect of added mass of fuel, the Talue of ij, used in equation (A52) should be the product i7<(l+j0. 
Egure 6. — 


thpp ric 519 

iWa TJp to 


512 JCp a ~ 
550 ■ 




(A34) 


where 


•r.-i 

X'={X) 

In order to include effect of added mass of fuel, the value of 
17, used in equation (A34) should be the product 

Figure 6. — 


■Hs=C;,,ato(l+7+.Z) (A49) 

The Ti corresponding to thie enthalpy Hi is obtained from 
reference 4. 

Egure 7. — 

32.2h 

where c, is determined from reference 5. 


APPENDIX C 


METHOD FOR DETERMINING OPERATING LINES OF CONSTANT TJTi AND CONSTANT FOR MATCHED SET OF 

TDRBINE-PROPELLER-ENGINE COMPONENTS CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR 

AND SECOND TURBINE DRIVING ONLY PROPELLER 


The procedure for plotting lines of constant TJTi and 
for the gas^enerator plot of figure 13 (a) is as 

follows: 

Equation (14), based on compressor power being equal to 
the power of first tinbine, can be converted to 


r. m 1 Vll , T, 

‘ 6i 2 Ti 


(Cl) 


When T 4 /T 1 is eliminated between equations (12) and (Ol), 


n^Ma-^lUa /, _^PiMtVt,l 


(C2) 


figure 12 (b), a value of PJPi of 2.0 is assumed; and the fol- 
lowing values are read: Z7^i/F^i=0.436, 57^.1=0.836, and 
57',, 1=0.782. 

(3) From equation (02) and an assumed value of r=0.06, 
• a value of M,Fj,i/54=338 ft/sec is calculated. 

(4) When the values of MtVt,i!h and Ut,ilVt,i are used in 
figure 12 (a), the following values are read: F/,i/V^=1136 
ft/sec, Mt-/dJdi= 0 . 2 Q 8 slug/sec, and P4/pj=2.23. This 
value of PJps does not cause any appreciable change in 
values of turbine efficiencies from those determined in step 
(2) with an assumed value of PJps of 2.0. 

(5) The value of TJTi evaluated from equation (12) is 
4.13. 


(1) A point on figm-e 11 is selected at which the value of 

Ti/Ti is desired. The values of P2/P1, Ma-</FilSi, and 

Kc corresponding to the point are read on the figvne. 

(2) A value of UJUt^i is chosen based on sizes of turbine 
and compressor used; then, from the values of UJUt^i and 
S'c,V^/(Z7i.i/F,.i) is evaluated from equation (15). A prob- 
able value of PVps is assumed, and the value ofV^/ (Cf^i/Fn) 
is used to read the values of 17^1, 57^.1, and Ut,ifVt,i from 
figure 12 (b). 

(3) , Equation (C2) is used to evaluate 

(4) Corresponding to the values of M^V^ilSi and 

the values of Mfy/dtjSt, and Pijps are read on figure 

12 (a). This value of PJpi should be used to check the 
values of 17, and j 7 {.i determined in step (2). If any appreci- 
able differences in values of the efficiencies result, the re- 
vised value of i7{, 1 is used in step (3) . 

(5) The value of TJTi is now evaluated from equation 

( 12 ). 

In order to illustrate this method, the point is picked on 
figure 11 at which TJTi is to be evaluated. 

(1) The point is selected where f7e/V^=1006 ft/sec, 
Pa/Pi=4.74, ACiV^/5i=0.660 slug/sec, and Ke=2.Q5. 

(2) A value of TJclUt,i=lS) is used for this engine. When 
Ue!Ut,i and Kc are used in equation (15), a value of 
V57l7/((7u/F,i)=2.02 is obtained. This value is used in 


In order to determine the total pressure at the turbine 
outlet, the following approximation of the turbine total 
efficiency is made: 




550hpi^i 


liEn 


550Ap,.i 


MfJcp 


so that 


or 


■4H9f] 

Vt.^Jcp.,T4 


(03) 


On figure 12 (a), the value of the upper abscissa 
is related to the value of the lower abscissa PJfs according 
to the equation 


2jcp.,519 
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Figure 12 (a) can si milarly be applied to equation (C3) by 
using the value of on the upper abscissa 

instead of F«,i/V^ and reading the value of PJPs instead of 
PilVc on the lower abscissa. 

The total-temperature ratio T^ITi is 

Tb . 550hpt,i ^ Vt.i Vt,i 1 

Ti Je^,^TMs 2 04 Jc,,,519 ^ 

The mass-flow factor can now be obtained from 

equation (13). 


In order to illustrate the calculations involved : 


(6) From the values of 17,4, and 7;, '4 previously 


determined, 



=1100 ft/sec. Corresponding to this 


value, PilPi=2.1Q is obtained. 

(7) From equation (C4), a value of Tt/Ti of 0.859 is ob- 
tained when a value of Cp,,=8.9 Btu/(slug)(°F) is assumed. 

(8) Finally, from equation (IS) a value of 
0.681 is determined. 


APPENDIX D 


METHOD FOR DETERMINING EXHAUST-NOZZLE AREA OF MATCHED SET OF TURBENE-PROPELLER-ENGINE COMPONENTS 
CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR AND SECOND TURBINE DRIVING ONLY PROPELLER 


Useful equations for deter minin g the values of several pa- 
rameters needed in this method are as follows : 

From the definition of effective exhaust-nozzle area, 

M,= yi, PB-yj 2 jc,., Tb 1 -(^)~ 


where pe is the stagnation density at the second-turbine out- 
let and Tb, the total temperature at the outlet of the second ■ 
turbine. Thus, 


M,V0a ^ 2116 
Anh Pg 



(Dla) 


Equation (Dla) is used imtil the critical pressure ratio is 
reached. The value of Mg-^^BlAn^B remains constant there- 
after, as PbIPb becomes less than the critical pressure ratio. 
The mass-flow-per-unit-area factor for critical flow is 



2116 

/ 2t, / 2 


V519 Rg\ 

' 7*+l \T*+1/ 


2 


Also, from energy considerations. 


from which 


Tb=Tb 


v'c.^VU 

2J Cp^ g 


Tb t 

Tb 2Jc,.,619 


(Dlb 


(D2) 


The procedure for determining the exhaust-nozzle area is 
as follows: 

(1) For a given operating point, all conditions in the engine 
up to and including those at the second turbine are obtained 
by the method described in appendix C. 

(2) For a given MiV^/Ss, there can be a range of TJt,JV ,,3 
over which the second turbine can operate. At any ZJ/.s/V'i.z, 
the value of PbIVb can be- obtained from figure 14 (a), and 
r{ta and fita> figure 14 (b). 

(3) The total-pressure ratio PbIPb is found by a method 
similar to that described in appendix C. From the value of 
Pfi/pa; the corresponding U,,3/V^ is obtained on figure 14 (a); 

/liA is then calculated and used to evaluate PbIPb- 

■ 40 b yvi.2 


(4) The preeeure ratio &-(^) ( (&) (&) is eralu- 

ated, where PjJpo is a function of flight Mach number and 
pressure loss in inlet duct (see equation (Al2)). 

(5) With suitable values for 7, and Cp. j, the value of PbIPo 

is used to calculate Af^V^-dnSB from equation (Dla); equa- 
tion (Dlb) is used to calculate if flow through 

the exhaust nozzle is choked. 

(6) The values of 77^.2 and and an appropriate 

value of Cp,g are used in equation (D2) to evaluate TbITb- 

(7) The value of A„ is then calculated from the identity 

{T'bPb 

A ^TbTb 

- AaSe 


This method will be Ulustrated for the same operating 
point used in the illustration of appendix C: 

(1) Some of the conditions corresponding to the given 
point of operation are Z7c/V^=1006 ft/sec, P2/Pi=4.74, 
PbIPb=2.10, and M,V^/^s=0-581 slug/sec. 

(2) From the value of Mg-y/dslSB and a chosen value of 0.5 
for TJ^ilVta, the corresponding Pb/ 2>6=1-91 is obtained on 
figure 14 (a). -Then from figture 14 (b) 77^2=0.850 and 
^,3=0.796. 

(3) Corresponding to P6/p6=1.91, Fi.3/V^=1032 ft/sec is 


read on figure 14 (a). The parameter Ym hlhl equal to 

^05 V Vt.a 

1000 ft/sec is evaluated, and the corresponding Ps/Pa of 1.83 
is read on figure 14 (a). 

(4) The pressure ratio Pi/po at a value of T=0.10 and 
inlet pressure loss APd/Pi=0.03 is 1.356 by equation (Al2). 
Thus, Pe/po= 1-589 is evaluated from the values of PbIPb, 
PbIP*, P jPi, and Pi/po- 

(6) From equation (Dla), values of 7i=1.35 and Rg of 
1720 ft-lb/(slug)(°F), and the value of Pafpa previously 


determined, Af,V^/A.B3e= 1-484 (slug/sec) /sq ft is evaluated. 

(6) The temperature ratio TbITb=0.877 is obtained from 
yt.%l'4^B, v't. 2 , and a value of Cp.j=8.6 Btu/(slug) (°F) in 
equation (D2). 

(7) The value of the effective exhaust-nozzle area obtained 
by use of the identity given in step (7) is A.a=0.67 sq ft. 
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